A b s t r a c t Introduction: It remains uncertain whether remote ischaemic conditioning (RIC) using cycles of limb ischaemia-reperfusion as a conditioning stimulus benefits patients undergoing percutaneous coronary intervention (PCI).
Introduction
Ischaemic heart disease is a leading cause of death worldwide [1] . Percutaneous coronary intervention (PCI) has played an important role in treating this disease in recent years. However, the process of blood reperfusion to the ischaemic myocardium can induce ischaemia-reperfusion injury (IRI) [2] . The phenomenon can paradoxically reduce the beneficial effects of PCI [2] . Several drugs and procedures to protect against IRI, such as the perioperative administration of adenosine, nicorandil, and therapeutic hypothermia, have been tested, but none of these interventions is completely effective [2] . Although classical conditioning by repeated intermittent balloon inflations may confer cardioprotection for patients undergoing PCI, mechanic trauma to the vascular intima, increased procedure time, and risk of distal atheromatous embolisation into the microvasculature have limited their clinical applications [3, 4] . Thus, alternative strategies to further limit IRI are of major interest in the clinical setting [2] [3] [4] .
Remote ischaemic conditioning (RIC) has become increasingly attractive because RIC can be achieved non-invasively by brief episodes of limb ischaemia with a blood pressure cuff or a pneumatic medical tourniquet [3, 4] . Experimental studies have suggested that RIC protects against endothelial IRI in humans and triggers significant protection in numerous organs, not only the heart [5, 6] . Some clinical studies have also been conducted to examine the effectiveness of RIC in patients undergoing PCI [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Nevertheless, not all trials have observed a favourable effect for RIC on myocardial injury based on cardiac enzyme levels. A previous meta-analysis of RIC in a broad PCI population (4 studies with 557 patients), by Yetgin et al. [21] , reported no significant difference in myocardial injury biomarkers between RIC and controls (p = 0.36). The newly published trials, which could reduce the uncertainty regarding the treatment effects, have yet to be incorporated in a meta-analysis. Recently, two meta-analyses found that RIC before PCI reduced the incidence of PCI-related myocardial infarction (PMI) [22, 23] . However, they did not use a revised universal definition of PMI [24] , which could limit extensive clinical application of RIC. Furthermore, the effect of RIC on renal protection in PCI has not been assessed in any previous meta-analysis.
Aim
Therefore, we performed a comprehensive metaanalysis to determine whether RIC provides myocardial and renal protection for patients undergoing PCI. We also evaluated the potential factors that affect RIC performance.
Material and methods
We performed this meta-analysis according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [25] and the Cochrane Handbook guidelines [26] . All analyses were pre-specified, and the protocol for our study is registered in the international prospective register of systematic reviews (PROSPERO; registration number CRD42013006846, available from http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42013006846).
Selection criteria
The following inclusion criteria were applied: (1) randomised clinical trials (RCTs) comparing RIC (defined as remote ischaemic pre-, per-, or post-conditioning) with controls (no conditioning) in patients undergoing non-emergent or primary PCI and (2) studies reporting data on any of the outcomes of interest (reported below). The exclusion criteria were (1) duplicated data and (2) sub-studies of the RCT.
Search strategy
Studies were identified by searching the PubMed, EMBASE, Web of Science, and Cochrane Central Register of Controlled Trials (CENTRAL) databases. This search was supplemented by scanning the reference lists of the eligible studies and recent review articles. No limits were placed on the language, date, or publication status. The major keywords and corresponding Medical Subject Headings were "remote ischaemic conditioning", "remote ischaemic preconditioning", "remote ischaemic postconditioning", "remote ischaemic perconditioning", and "percutaneous coronary intervention". The last search was performed on July 12, 2014.
Study selection, data collection, and quality assessment
Two independent investigators assessed the reports for eligibility in three screening stages at the title, abstract, and full-paper levels and then extracted data from the shortlisted studies on pre-specified forms. The following information was included: (1) the trial's design and inclusion criteria, (2) baseline patient and lesion characteristics, (3) features of the intervention and control arms, and (4) clinical outcomes. For missing or unclear information, we attempted to contact the original trial investigators by telephone or e-mail.
The same reviewers independently assessed the methodological quality of the eligible trials using the Jadad scale [27] . A score ≤ 2 represents a low-quality study, and a score of at least 3 represents a high-quality study. All divergences were resolved by consensus or adjudication by a third reviewer.
Study outcomes and definitions
The primary endpoint chosen for this meta-analysis was myocardial enzyme levels, which included troponin T (TnT), troponin I (TnI), and creatine kinase isoform-MB (CK-MB). The secondary endpoints were PMI, complete ST-segment resolution (cSTR), and acute kidney injury (AKI). The PMI was defined by an elevation in troponin > 5 times the 99 th percentile in non-emergent PCI patients with a normal baseline value, according to the new definition [24] . cSTR was defined as ST-segment resolution ≥ 70% compared to the baseline measurement on the surface electrocardiogram after primary PCI [28] . The AKI was defined as a serum creatinine increase of > 25% over the baseline value or by more than 44.2 mmol/l after PCI.
Statistical analysis
Two investigators examined the data from all identified studies. The standardised mean difference (SMD) and odds ratio (OR) (and their corresponding 95% confidence intervals (CIs)) were calculated for the continuous or dichotomous outcome data, respectively. If the continuous data were reported as the median and interquartile range (IQR), the mean and standard deviation (SD) were estimated using the median and the estimated SD (SD = IQR/1.35) [26] . The number needed to treat (NNT) was calculated, when the pooled OR was statistically significant, as the inverse of pooled risk difference and 95% CI. A random-effects model was used to account for the residual heterogeneity among trials and a more conservative summary estimate than the fixed effect analysis [26] . Statistical heterogeneity was evaluated with the Cochrane Q test and the I 2 statistic (p values < 0.1 and I 2 values > 50% represented significant inconsistency) [26] . Meta-regression (a p value of < 0.1 was accepted) and subgroup analyses were performed to explore the potential sources of significant heterogeneity. To reduce the risk of over-fitting of the regression model, a minimum of ten studies were set to identify each influential factor [26] . Sensitivity analyses were conducted to assess the consistency of the main results by testing whether consecutively deleting each trial would influence the overall estimates for the myocardial enzyme levels. A study was considered to be influential if its exclusion changed the effect estimate by at least 20% [29] . All findings were also repeated using a fixed-effect model, and only the data from high-quality studies were analysed. Funnel plot and Egger's tests were used to evaluate the presence of publication bias regarding our primary outcome. The results were statistically significant with a two-sided p < 0.05. Statistical computations were performed with STATA 11.0 (Stata Corp., College Station, Texas, USA).
Results

Eligible studies
From a total of 116 potentially relevant publications ( Figure 1 ), 14 RCTs fulfilled the inclusion criteria and were selected [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Among 2,301 patients enrolled from 10 countries, 1,230 were randomised to RIC and 1,071 to the control group. Eleven studies were performed in patients undergoing non-emergency PCI, and 3 studies used primary PCI patients. The RIC was performed by inflating a cuff placed on the arm or leg to 200 mm Hg or above the systolic pressure. In 10 studies, RIC was induced before the expected period of ischaemia (preconditioning). Nine studies had ≥ 30-minute duration of RIC, which was calculated by multiplying the duration of ischaemia/reperfusion per cycle by the number of cycles. For myocardial biomarkers, troponin I or T was used in 13 studies, and CK-MB was used in one. The biomarkers were measured using conventional assays in all trials except two, which used high-sensitivity assays. The mean patient age in the individual trials ranged from 54 to 69 years, and most were male. The percentages of patients with diabetes, hypertension, dyslipidaemia, and previous MI ranged from 9% to 100%, 0 to 82%, 17% to 80%, and 0 to 55%, respectively. β-Blockers and glycoprotein IIb/ IIIa inhibitors were used in most of the studies. Coronary angiography showed that the proportion of left anterior descending (LAD) culprit arteries among patients varied from 25% to 100%. In terms of quality, 11 studies had a Jadad score ≥ 3 points, and the remaining three scored < 3 points. Tables I and II show the characteristics and demographic data for these studies.
Quantitative outcomes
The meta-analysis of 14 RCTs showed that RIC significantly reduced the postoperative myocardial enzyme levels in a broad PCI population (SMD = -0.21; 95% CI: -0.39 to -0.04; p = 0.015) with significant heterogeneity (I 2 = 75%) ( Figure 2 ). During non-emergent PCI, PMI was reported in 237 of 708 patients (33.5%) in the RIC arm compared to 252 of 585 patients (43.1%) in the control arm of the randomized trials. The OR for PMI for the RIC group compared to the control group was 0.70 (95% CI: 0.51-0.98; Full-text articles excluded (n = 9), with reasons: not all patients undergoing PCI (n = 2), patient receiving ballon-induced preconditioning (n = 1), ineligible control (n = 1), substudy of RCT (n = 1), meta-analysis (n = 2), and duplicate publications (n = 2) Myocardial enzyme levels p = 0.037; I 2 = 47%) ( Figure 3 ). The NNT was 12 (7 to 203), in other words 12 patients who would need to be treated with the RIC to prevent one PMI.
Among primary PCI patients randomised to RIC, 127 of 207 (61.4%) had cSTR compared to 104 of 203 (51.2%) patients who were randomised to the control group (OR = 1.83; 95% CI: 0.99-3.40; p = 0.054; I 2 = 33%) (Figure 4 ).
In the four trials that reported AKI endpoints during PCI [12, 14, 17, 18] , the incidence of AKI was 4.8% (26 of 547) in the RIC group and 5.0% (21 of 420) in the control group. No significant difference could be detected between the two groups regarding the risk for AKI (0.89 (0.48-1.64), p = 0.701; I 2 = 0%, p heterogeneity = 0.65). 
Potential sourcesof heterogeneity and subgroup analysis
The random-effect univariate meta-regression analysis for the myocardial enzyme levels in a broad PCI population was conducted to explore the potential sources of heterogeneity. Data on the country (Europe or non-Europe), PCI type (primary or non-emergent), duration of the RIC protocol (< 30 or ≥ 30 min), timing of the intervention (preconditioning or non-preconditioning), limb used (arm or leg), age, sex (% male), diabetes (%), hypertension (%), previous MI (%), dyslipidaemia (%), β-blockers use (%), glycoprotein IIb/IIIa inhibitor use (%), and presence of an LAD lesion (%) were included. As a result, PCI type was the major heterogeneity source identified (coefficient = -0.45, p = 0.057, adjusted R 2 = 0.44). Subsequent subgroup analysis was then performed based on the PCI type. Compared to the non-emergent PCI subgroup, the primary PCI subgroup showed a significant reduction in the myocardial enzyme levels (SMD, -0.57 (p < 0.0001) vs. -0.12 (p = 0.145); p < 0.0001 for the subgroup difference) (Figure 2 ).
Sensitivity and publication bias
The sensitivity analysis deleting each trial in turn found that no single study significantly altered the summary SMD for the cardiac biomarkers. The overall treatment effect for the RIC remained consistent for each endpoint using either a fixed-or random-effects model and only analysing the data from high-quality studies (Table III). In addition, we found that compared to the controls, RIC significantly reduced the cardiac enzyme levels (-0.13 (-0.23, -0.03), p = 0.01) in patients undergoing non-emergent PCI when pooling data from eight studies with low risk of bias.
Visual inspection of the funnel plot for the cardiac biomarkers did not reveal an apparent asymmetry; this finding was supported by Egger's test (p = 0.71).
Discussion
In this meta-analysis of 14 randomised trials involving 2,301 patients, the main findings can be summarised as follows: (1) Compared to coronary intervention alone, RIC significantly reduced the myocardial enzyme levels and risk of PCI-related MI in patients after PCI. Furthermore, the decrease in the myocardial injury biomarkers was more pronounced among the patients treated with primary PCI. (2) Although the statistical significance of the difference was marginal, there was a trend toward an improvement in the cSTR rate with RIC. In fact, the pooled analysis based on the fixed-effect model showed that RIC significantly improved the cSTR outcomes.
The RIC is an attractive strategy because this simple, inexpensive, and well-tolerated technique can be easily implemented in a busy PCI centre. The actual cardioprotective mechanism for RIC is not fully understood. Many researchers believe that the process is multifactorial and involves the regulation of neural reflexes; the release of humoral factors, such as adenosine and opioids; the elaboration of endogenous myocardial mediators including nitric oxide and free radicals; and the activation of aK(ATP)-channel [4] . Furthermore, the results from randomised studies showed that ischaemic conditioning had a beneficial platelet inhibitory and anti-inflammatory effect, which might stabilise vulnerable plaques [30, 31] . The RIC induced before PCI for myocardial infarction was associated with a significant and sustained improvement of endothelial function [31] . Overall, this evidence from animal and clinical studies may partly explain the effect of RIC in PCI.
Studies have shown that single time-point assessment and peak levels of cardiac biomarkers are significantly correlated with infarct size and early left ventricular function, which are closely related to prognosis, in patients with ST-segment elevation myocardial infarction (STEMI) [32] . Data from cardiac magnetic resonance-delayed enhancement imaging have confirmed that the release of cardiac biomarkers after elective PCI is indicative of new irreversible myocardial injury, and the magnitude of this injury highly correlates with the extent of the elevation of biomarker levels post-PCI [33] . The increases in cardiac enzymes are associated with poor long-term outcomes after elective PCI [24, 34] . In our study, we detected significant reductions in the myocardial biomarkers among the broad PCI population, and such protective effects were more significant in STEMI patients undergoing primary PCI. The reason for the latter finding was that the [35] . In this setting, the potential benefit of RIC would be amplified. However, the myocardial injury during non-emergent PCI was relatively minimal because of a lack of acute lethal IRI and was mostly caused by side branch loss and distal embolisation of the coronary artery during balloon inflation or stent deployment, followed by spontaneous lysis and reperfusion [21, 35] . Although our results in the subgroup analysis showed that RIC did not reduce cardiac enzyme levels in patients undergoing non-emergent PCI, this benefit reached statistical significance after exclusion of low-quality trials. Importantly, we found that post-PCI elevation of troponin more than 5-times the baseline level, which specifically identifies PCI as a cause of myocardial infarction (PMI) in the guidelines, was less frequent in the RIC group than in the control group. Thus, considering that peri-procedural myocardial injury and infarction are common findings (up to 30%) and are associated with worse prognosis [34] , it is likely that limiting injuries by using RIC is beneficial to patients undergoing non-emergent PCI. Microvascular obstruction is an irreversible form of IRI, which results in the death of both endothelial cells and cardiomyocytes [36] . cSTR has been proposed as an electrocardiographic index of microvascular reperfusion, and cSTR yields prognostic information in addition to the data provided by the myocardial blush grade [36] . A relationship between cSTR and subsequent mortality has also been well described in previous studies [28, 36, 37] . Although the current study failed to show a statistically significant improvement in the cSTR rate after primary PCI in the RIC group compared to the control group, there was an obvious trend toward RIC and a positive result based on the fixed-effect model. This finding may support the active use of RIC for high-risk coronary no-reflow patients after primary PCI.
Contrast-induced nephropathy remains a common complication after PCI. The results from a recent randomised trial have suggested that RIC before elective coronary angiography can prevent contrast-induced AKI in patients with renal dysfunction [38] . In our study, the risk of AKI showed no difference between the control and the RIC group. The potential reasons for this disparity were inadequate sample size. Indeed, the power calculation in all included trials was not based on the incidence of AKI after PCI. Further investigations will be required to establish the effect of RIC on prevention of AKI.
Our study has several limitations. First, because this meta-analysis is not based on patient-level data, our study shares the possible shortcomings of the original articles. We did not conduct subset analyses of the patients with diabetes, hypertension, and LAD lesions because the meta-regression analysis did not show a significant effect of these covariates on the myocardial enzyme levels. Second, we pooled the data for biomarkers at various time-points, but the conclusion was based on a random-effects model to compensate for a certain degree of heterogeneity. Given that troponin has a peak level at around 24 h after myocardial necrosis, the troponin level at 16 h post-PCI was probably closer to the "actual" peak level. Third, the numbers of trials and patients included in some analyses were relatively small, so the results should be interpreted with caution. Finally, although our meta-regression analysis indicated that the duration of RIC, the use of the upper or lower limb, and the time difference between the conditioning stimulus and PCI did not affect the outcome, the lack of a standard protocol may potentially influence the positive cardioprotection effects of RIC. An adequately powered trial is merited to identify the optimal type and algorithm for the conditioning stimulus.
Conclusions
The present meta-analysis demonstrated that RIC, using repeated brief episodes of limb ischaemia, can confer cardioprotection for patients undergoing primary or non-emergent PCI. Moreover, the decrease in the myocardial enzyme levels was more pronounced in the patients treated with primary PCI.
